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l.ow  t requeney  dielectric  propert  ies  of  rare-earth 
doped  calcium  fluoride  crystals  wore  studied  over  a 
temperature  ramie  of  5.5'K  to  380°K.  Low  flux  neu- 
tron radiation  was  found  to  have  no  effect.  Gamma - 
rays,  on  the  other  hand,  were  found  to  significantly 
affect  these  properties.  Although  the  specific  effects 
depended  heavily  on  the  dopant  and  its  concentration, 
generally  Kj  and  R,  increase,  U ^ and  R^  decrease,  and  a 
new  peak  between  K,  and  K ( is  created.  The  crystals 
had  not  yet  reached  a state  of  dielectric  equilibrium 
when  removed  from  the  gamma-ray  source;  theiefore,  time 
studies  weie  conducted  which  revealed  that  changes  in 
existing  peaks  were  stable,  whereas  the  now  peaks 
gradually  decayed  back  to  zero.  Studies  were  also  done 
i'n  how  t ho  effects  varied  with  dose.  Variations  were 
found,  but  most  of  the  effects  occurred  at  the  lowest 
dose  studied.  The  results  support  the  hypothesis  that 
Rj  is  from  isolated  dipoles,  R,  is  from  simple  clusters, 
and  K(,  Rj  and  R(>  an*  from  more  complex  clusters.  The 
possible  use  ot  dielectrics  in  dosimetry  is  discussed. 
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INTRODUCTION 


I . 


A dielectric,  by  definition,  is  an  insulator.  The 
dielectric  studied  here,  calcium  fluoride  (CaF2) , is  a 
crystal  which  may  be  thought  of  as  a simple  cubic  array 
of  fluorines  with  a calcium  occupyinq  every  other  cube, 
as  shown  in  Fiqure  1.  When  the  crystal  has  been  doped, 
rare-earth  ions  replace  some  of  the  calcium  ions  in  the 

o o o o 

o o o o 

o o 

o o o o 

o o o o 

• © 

0 6 0 0 

0 0 0 0 

G O 

o o o o 


o o o o 

Fiqure  1.  Crystal  structure  of  calcium  fluoride  with  a 
dipole  caused  by  rare-earth  dopinq.  The  white  circles 
are  fluorines;  qray  are  calciums;  the  black  circle  is  a 
rare-earth;  and  the  one  marked  with  an  X is  an  inter- 
stitial fluorine. 

crystal  lattice.  Since  rare-earths  are  trivalent  (3+) 
and  calcium  is  divalent  (24) , this  creates  a charge 
imbalance.  One  mechanism  for  compensating  this  imbal- 
ance is  the  addition  of  more  fluorine  ions  to  the 
material.  Such  an  ion,  which  is  not  part  of  the  lat- 
tice structure  itself  and  is  probably  located  in  an 
empty  cube,  is  called  interstitial.  If  located  in  the 
cube  adjacent  to  the  rare-earth  ion,  it  is  called  a 


local  {or  nearest  neighbor)  charge  compensator.  Thus, 
in  this  situation  there  is  a quasi  - permanent  dipole 
consisting  of  the  rare-earth  ion  and  the  interstitial 
fluorine.  Considerable  research  in  the  past  few  years 
however,  has  proven  that  this  simplistic  model  is  inad 
equate  to  describe  the  behavior  of  the  dielectric  over 
a wide  temperature  range.  In  fact,  it  has  been  shown 
that  at  least  five  other  charge  configurations  (or 
multiple  ion  motions  resulting  from  the  same  charge 
configuration)  exist  in  the  material.^  ^ The  current 
work  increases  the  complexity  further  by  reporting 
still  another  type  of  charge  configuration,  this  one 
being  radiation  induced.  The  theory  underlying  this 
study  will,  therefore,  be  presented  using  the  simple 
dipole  model,  then  later  expanded  to  incorporate  other 
possible  charge  configurations. 


6 


II.  BASIC  DIELECTRIC  THEORY 


A.  The  Dielectric  Constants 


The  complex  dielectric  constant  consists  of  a 
real  and  imaginary  part,  the  former  ( ')  beirg  a meas- 
ure of  capacitance  and  the  latter  (*  ")  being  propor- 
tional to  conductance.  Both  are  related  to  the 
polarization  of  bound  charges  in  a nonconductor  that 
is  subjected  to  an  electric  field.  Capacitance  deals 
with  the  ability  of  the  charges  to  polarize,  and  con- 
ductance is  a measure  of  the  energy  dissipation  from 
the  polarization.  First  consider  a capacitor  with  a 
vacuum  between  its  plates,  as  shown  in  Figure  2a. 


+ + + + + + + 


+ + + + + + + 


Figure  2.  (a)  Capacitor  in  vacuum;  (b)  Capacitor  fil- 

led with  a dielectric.  (From  V.  V.  Daniel  in  Dielec- 
tric  Relaxation,  New  York:  Academic  Press,  Inc . , 19(57 , 
p.  14.) 

The  capacitance  of  this  system  is  denoted  by  C0. 

Since  capacitance  is  defined  as 

C = § (1) 

where  0 is  the  plate  charge  and  V is  the  potential  dif- 
ference between  the  plates,  it  is  simple  to  calculate 
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the  capacitance  of  the  system  in  Figure  2a  to  be 

C0  - (2, 

where  0 is  the  permittivity  of  the  free  space,  A is 
the  plate  area,  and  d is  the  distance  between  the 
plates.  Now  suppose  a dielectric  material  is  intro- 
duced between  the  plates  and  completely  fills  the  space 
there,  as  in  Figure  2b.  When  the  electric  field  is 
applied,  the  negative  charqes  in  the  material  move 
slightly  toward  the  positive  plate  and  the  positive 
charges  move  sliqhtly  toward  the  negative  plate.  When 
the  material  contains  permanent  dipoles,  such  as  those 
discussed  in  doped  calcium  fluoride,  these  dipoles 
also  align  with  the  field.  This  polarization,  or 
charge  displacement,  compensates  part  of  the  plate 
charqe  so  that  the  electric  field  through  the  material 
is  reduced.  For  a fixed  charge,  the  potential  dif- 
ference between  the  plates  is  therefore  reduced,  and, 
from  conation  (1),  the  capacitance  increases.  The 
real  dielectric  constant  of  the  material  is  defined  as 
the  ratio  of  the  capacitance  with  the  material  present 
to  the  vacuum  capacitance. 
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Next  consider  the  subject  of  energy  dissipation. 


In  a conductor  such  as  metal,  the  application  of  an 
electric  field  causes  free  electrons  to  move  through 
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the  material,  thus  creatinq  a current.  Energy  is  dis- 
sipated  by  a current  i flowing  through  a material  of 
electrical  resistance  R at  the  rate 

P = i2  R (4) 

This  is,  of  course,  called  power,  and  the  units  are 
energy  per  unit  time.  In  a dielectric,  there  are  no 
free  electrons  to  create  a current.  However,  the 
existence  of  permanent  dipoles  supplies  what  the  au- 
thor will  term  locally  free  ions,  in  that  the  negative 
ions  (interstitial  fluorines)  are  somewhat  free  to 
move  around  the  positive  ions  (rare-earths) . Just  as 
the  motion  of  electrons  through  a conductor  causes  an 
energy  loss,  so  does  the  motion  of  the  ions  in  a 
dielectric.  This  loss  is  characterized  by  a parameter 
called  dielectric  conductivity  and  denoted  by  o"  . It 

: I 

has  units  of  energy  per  unit  time  and  is  a function  of 
the  number  of  ions  moving  and  the  resistance  to  them 
moving.  Suppose  the  material  in  Figure  2b  is  a rare- 
earth  doped  calcium  fluoride,  which  has  a permanent 
dipole.  In  this  situation,  the  dipoles  would  align 
themselves  with  the  field,  and  there  would  be  no 
further  motion.  Consequently , there  is  no  steady 
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state  energy  dissipation.  However,  suppose  the  field 
through  the  dielectric  alternated  with  frequency. 

Then  the  dipoles  would  be  continually  aligninq  them- 
selves with  the  field;  there  would  be  continual  energy 
dissipation;  and  o"  would  have  a finite  value.  The 
imaginary  dielectric  constant  is  related  to  a"  by 


ii  _ O' 


As  can  be  seen  from  this,  e"  is  a measure  of  the  energy 
dissipation  per  cycle  of  the  alternatina  field  rather 
than  per  unit  time. 


B . Relaxat ion  Time 

Relaxation,  in  general  terms,  is  the  process  in 
which  there  is  a delayed  response  to  a stimulus. 

Specif ically , the  delay  is  an  exponential  function  of 
certain  system  parameters.  For  example,  dipoles  in  a 
dielectric  do  not  align  instantly  with  an  electric 
field.  Therefore,  dipole  alignment  is  a delayed  re- 
sponse to  a stimulus,  the  electric  field.  As  such,  it 
is  characterized  by  a relaxation  time,  r.  This 
relaxation  time  can  be  mathematically  formulated  by 
considering  the  bistable  model  of  local  charge  trans- 
port, shown  in  Figure  3. 


Figure  3.  The  bistable  model.  The  potential  enerqy 
as  a function  of  distance  has  two  minima,  "potential 
wells,"  whose  depth  is  modified  by  an  applied  electric 
field.  The  two  wells  contain  one  ion  which  may  occupy 
either  well.  (From  V.  V.  Daniel,  op.  cit.,  p.  21.) 

The  plot  shows  potential  enerqy  as  a function  of 

position.  The  ion  (for  the  purposes  of  this  stjdy, 

the  interstitial  fluorine)  may  occupy  either  of  two 

sites  of  minimum  potential  enerqy.  In  relation  to  a 

calcium  fluoride  crystal,  these  two  sites  are  the 

empty  cubes  on  either  side  of  a rare-earth  ion.  The 

1 

ions  must  overcome  a potential  barrier  of  height  E 
(called  the  activation  enerqy)  in  order  to  qet  from 
one  site  to  the  other.  When  an  electric  field  acts 
on  the  system,  the  wells  are  distorted,  as  indicated 

I 

by  the  dotted  line.  Each  ion  in  its  well  oscillates 
with  a characteristic  frequency  fc.  Generally  it 


I 


cannot  make  the  jump  to  the  other  site  because  it 
lacks  sufficient  energy.  However,  from  statistical 
thermodynamics,  it  occasionally  acquires  the  energy 
and  makes  the  jump  with  frequency 

f = f0e'E/kT  (6] 

where  k is  Boltzmann's  constant  (8.6205  x 10  ^ eV/K) 
and  T is  absolute  temperature  in  degrees  Kelvin.  The 
jumps  are,  of  course,  random  and  have  no  net  effect 
unless  an  electric  field  is  applied,  in  which  case 
jumps  into  one  site  are  favored  over  jumps  into  the 


other . 


? _ f -(E  ± AE)/kT 
r — rQe 


where  AE  is  the  change  in  the  potential  well  caused 
by  the  applied  field.  It  is  clear  that  the  higher  the 
frequency  of  jumps  is,  the  quicker  the  dipoles  will  be 
able  to  align,  and  the  shorter  the  relaxation  time 
will  be.  In  fact,  relaxation  time  is  given  by  the 
reciprocal  of  equation  (6) : 

t = T0eEAT 

The  precise  quantitative  meaning  of  t is  shown  in 
Figure  4. 


Nj.  = (\  - \/eJ) 

*<,  - K 0-  I/O 


Figure  4.  Dipole  alignment  as  a function  of  time. 

The  diagram  represents  a total  of  N0  dipoles  which 
were  subjected  to  an  electric  field  at  time  t = o. 
the  number  of  them  that  have  aligned  is  plotted  as 
a function  of  time.  The  number  that  have  not  yet 
aligned  decreases  by  a factor  of  e after  each  period 
of  the  relaxation  time.  Thus,  t is  a measure  of  the 
response  time  of  the  dipoles. 


C . Frequency  Dependence 

Given  the  concept  of  relaxation  time,  it  is  easy 
to  understand  how  the  dielectric  constants  should 
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vary  with  frequency.  First  consider  polarization  as 
a function  of  frequency.  In  addition  to  the  dipolar 

* 

polarization  which  has  already  been  discussed,  there 
is  also  ionic  and  electronic  polarization.  Ionic 
polarization  is  the  displacement  of  the  ions  in  the 

• I 

(crystal  lattice  structure  itself.  In  calcium 

fluoride,  the  calcium  ions  would  displace  sliohtly 

j|  to  the  neoativ'1  electrode  and  the  fluorine  ions  to 

\ 

the  positive  electrode.  Electronic  polarization 

«i  ; arises  from  the  electrons  orbitinq  the  nucleus. 

. 

Aqain  there  is  a sliqht  displacement,  this  time 

t 

between  the  nucleus  and  the  orbit.il  shell.  Because 

.1 

of  the  speed  with  which  electrons  orbit  the  nucleus, 
this  can  occur  at  frequencies  up  to  the  ultraviolet 
renion.  Ionic  polarization  extends  to  the  infrared 
reqion,  and  dipolar  polarization  extends  throuqh 
UHF  to  microwaves.  Thus,  the  relaxation  time  is 
the  longest  for  the  dipoles  and  the  shortest  for 
the  electrons  in  their  respective  motions.  A plot 
of  this  is  shown  in  Figure  5. 
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Figure  5.  Frequency  dependence  of  the  various  forms 
of  polarization.  (From  Introduction  to  Solid  State 
Physics , edited  by  C.  Kittel.  New  York:  John  Wiley 
and  Sons  Inc.,  1971,  p.  461) 

The  peaks  are  from  resonances.  An  interestina  note 
here  is  that  the  real  dielectric  constant  ( e ' ) be- 
tween the  infrared  and  ultraviolet  regions  (in  the 
optical  range)  is  equal  to  the  square  of  the  refrac- 
tive index,  by  definition. 

G ' ( IR-UV) = n2  (9) 

In  the  present  study,  however,  it  is  sufficient 
to  concern  ourselves  only  with  the  dipolar  reqion. 

This  region  is  redrawn  and  labeled  in  Figure  6.  Here 
it  is  plotted  against  log  ( iot  ),  a unitless  parameter, 
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Figure  6.  Dipolar  polarization.  The  "I,"  subscript 
represents  the  low  frequency  limit  and  the  "11"  sub- 
script represents  the  high  frequency  limit.  (From 
V.  V.  Daniel,  op.  cit.,  p.  17) 

at  a given  temperature  (and,  therefore,  a constant  i ). 
At  low  frequencies,  the  period  of  oscillation  of  the 
electric  field  is  relatively  hiqh.  Thus,  the  dipoles 
have  a long  time  to  align  during  each  half  period, 
and,  as  shown  in  Figure  4,  almost  all  of  the  dipoles 
will  align  during  that  time.  A reasonable  value  of  r 
at  room  temperature  is  2.5  m seconds.  At  a frequency 
of  10  Hz,  the  half  period  of  oscillation  is  .5 
seconds.  The  dipoles  therefore  have  200  time  con- 
stants ( t's)  in  which  to  align,  meaning  that  roughly 
only  one  in  1087  will  not.  At  10^  Hz  (.0002  t),  only 
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.02%  will  align.  Intermediate  values  are  given  in 


Table  1.  These  calculations  iqnore  the  well  distortion 


Frequency  (H- ) 

Number  of 

Time  Constants 

% Al iynment 

103 

200 

100 

104 

20 

- 1 00 

10b 

2 

R6 

106 

. 2 

18 

107 

.02 

2 

108 

. 002 

.2 

109 

.0002 

.02 

Table  1.  Rough  calculations  of  dipole  alignment  as  a 
function  of  frequency. 

and  the  fact  that  transitions  occur  both  into  and  out 
of  the  site.  They  are  therefore  not  intended  to  be 
quantitatively  accurate,  but  rather  to  give  a qeneral 
understanding  of  the  quantitative  behavioi  of  the 
dipoles  and  thereby  aid  in  the  qualitative  explanation 
of  dipolar  polarization. 

One  very  important  thincr  to  note  in  Table  1 is 
the  linearity  of  the  relationship  between  alignment 
and  number  of  time  constants  in  the  high  frequency 
ranqe.  This  is  expected  from  a consideration  of  the 
mathematical  functions  used  in  calculating  polariza- 
tion. From  Figure  4,  the  number  of  dipoles  that  align 
is  given  by 

= N0  (l-e~n) 


N 


(10) 


ito  -w  «tkg 
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but  to  is  so  low  that  o"  is  very  small.  As  in- 
creases, N remains  near  Nn  for  a while,  so  ■"  in- 
creases as  to*.  As  to  continues  to  increase,  N 
begins  to  drop  significantly,  so  a"  increases  much 
more  slowly.  The  high  frequency  behavior  of  a"  is 
found  by  substituting  equation  (13)  into  equation  (14), 
o"  " (n  N0  to)x  , high  frequencies  (15) 

Since  n is  proportional  to  the  period  of  oscillation, 
it  is  inversely  proportional  to  the  frequency. 


Substituting  this  into  equation  (lr>)  yields 

a"  - N * 


which  shows  that  a"  becomes  constant  at  high  fre- 
quencies. Intuitively,  the  decrease  in  motion  per 
cycle  is  compensated  by  the  increase  in  cycles  per 
second.  o ’*  is  plotted  in  Figure  7. 


Figure  7.  Frequency  dependence  of  dielectric  conduc 
tivity.  Specific  values  are  omitted  because  they 
depend  on  many  othei  factors  Only  the  form  of  the 
funet ion  i s ot  interest  here. 
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Since  we  know  the  relationship  between  o"  and 
t",  we  can  now  describe  the  frequency  dependence  of 
e " . Recall  equation  (5) 

II 

e"  = — 2- 

‘-0  J 

Like  a",  e"  starts  out  very  low,  then  increases 
according  to  oj  (whereas  o " increased  according 
to  0)  ) . As  o"  begins  to  steady  out,  t " will  peak 
and  decrease  as  l/w  . This  is  shown  in  Figure  8. 
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Figure  8.  Frequency  dependence  of  the  imaginary 
component  of  the  complex  dielectric  constant. 

D.  Temperature  Dependence 

Temperature  affects  energy  dissipation  through 
two  mechanisms--the  number  of  dipoles  undergoing  site 
transitions  and  the  resistance  to  the  dipole  motion. 
The  viscous  fluid  model  provides  a good  representation 
of  the  dielectric  for  these  functions.  Imagine  the 


material  to  be  a viscous  fluid  containing  the  fluctu- 


ating dipoles.  The  enerqy  loss  in  this  model  is  a 
function  of  the  dipole  motion  and  the  fluid  viscosity. 
High  energy  loss  corresponds  to  a lot  of  motion  and 
high  viscosity.  The  velocity  of  the  ions  during 
fluctuations  is  assumed  to  be  constant,  so  tempera- 
ture affects  dipole  motion  only  by  affecting  the 
number  of  dipoles  undergoing  the  motion.  As  temper- 
ature increases,  the  number  of  fluctuations  increases, 


and  the  viscosity  decreases.  At  very  low  temperatures 
the  viscosity  is  high,  but  so  few  dipoles  are  moving 
that  the  energy  loss  is  very  low.  Initially  the  in- 
crease in  motion  outweighs  the  decrease  in  viscosity 
which  accompanies  a temperature  increase,  so  the 
energy  loss  peaks  and  gradually  declines.  At  very 
high  temperatures,  there  is  a lot  of  motion,  but  the 
viscosity  is  so  low  that  the  energy  loss  is  very  low. 
In  reality  the  viscosity  corresponds  to  the  relaxation 
time,  and  the  number  of  dipoles  movinq  is  given  by 
equation  ( 10) . 

E/kT 

r = iQe  (viscosity 

N » N0  (l-e_n)  (motion) 


where 

t 

n = 

i 


Hl/w) 
i ” I At 

P 


e"  F'/kT 
2 ' o 


(18) 


w 
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Thus,  with  regard  to  temperature  dependence,  this 
model  predicts  that  viscosity  is  an  exponential  and 
motion  is  an  exponential  of  an  exponential.  The 
latter  dominates  at  low  temperatures,  and  the  former 
at  high  temperatures.  This  is  shown  in  Figure  9. 


Figure  9.  Temperature  dependence  of  the  imaginary 
component  of  the  complex  dielectric  constant. 

The  exact  location  and  shape  of  the  peak  depend  on  che 
activation  energy  ( E ) , the  characteristic  relaxation 
time  ( i 0 ) , the  frequency  ( w ) , and  the  various  pro- 
portionality parameters  such  as  total  number  of  dipoles 
(No) , dipole  strength,  etc. 

E . Debye  Ecpa  t ions 

Now  that  each  factor  affectinq  the  dielectric 
constants  has  been  examined  individually  in  depth, 
it  is  possible  to  tie  them  all  together  into  a unified 
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form.  This  is  done  in  the  Debye  equations,  in  which 
the  real  and  imaginary  dielectric  constants  are  given 
as  a function  of  temperature,  frequency,  and  all  other 
system  parameters.  These  equations,  which  are  derived 
in  a similar  form  using  an  electrical  circuit  analogy 


in  Appendix 


are  : 


A 


H 


2 2 
T ( 1 + u>  i ) 


(19-a) 


and 


A .o ' 


* Y 

T(1  + w ’ ) 


where 


H 


(19-b) 

is  the  high  frequency  limit  of  1 (see 


Figure  6)  and  A represents  the  dipole  strenoth. 

A - (20, 
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where  N is  the  dipole  concentration  and  p is  the  dipole 
moment.  The  plots  of  these  are  three  dimensional 
graphs  whose  cross  sections  are  the  same  as  the  fre- 
quency and  temperature  dependence  plots  shown  earlier 
in  this  paper.  e'  and  e"  are  related  to  each  other- 
through  the  equation 


C 1 G 

Cti> 


(21) 


where  G is  the  conductance  (reciprocal  of  resistance) 
of  the  material.  This  section  is  concluded  by  noting 
that  the  simple  dipole  model  and  the  Debye  equations 


I 


* 
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predict  a single  peak  spectrum  for  e". 

F.  Measured  Spectra 

The  previously  mentioned  inadequacy  of  the  sim- 
ple dipole  model  will  now  be  demonstrated  by  examining 
some  of  the  experimental  measurements  which  have  been 
made  on  non-radiated  crystals.  For  example,  consider 
the  dielectric  spectrum  of  .1%  erbium  doped  calcium 
fluoride  at  100  Hz,  shown  in  Figure  10.  There  is  a 
considerable  difference  between  it  and  the  single 


Figure  10.  CaF2 : Er,  0.1  mol  - %,  100  Hz 


La 


! 

1 
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peak  that  was  theoretically  predicted;  however,  the 


basic  peak  structure  is  present.  Each  peak  is  desig 


nated  by  a relaxation  number  (R  - R ) . The  argument 


that  will  be  advanced  in  this  paper  is  that  each  peak 


corresponds  to  a different  charge  configuration  (or 


different  ion  motion  within  the  same  charge  config 


relaxation  time  ( tc)  and  activation  energy  (E) . The 


temperature  location  of  a given  peak  depends  on  the 


values  of  these  parameters.  In  general  a lower 


temperature  peak  should  have  a lower  activation  energy 


and  a shorter  relaxation  time.  Previous  research  has 


supported  the  former  but  not  the  latter 


means  that  the  effects  of  the  activation  energy  out 


weigh  the  effects  of  the  characteristic  relaxation 


which  makes  sense  since  E is  part  of  an  exponent  and 


is  not.  The  location  as  well  as  the  very  exis 


rare-earths  are  shown  in  Figure  11.  Atomic  number 


decreases  from  top  to  bottom  and  left  to  right.  Two 


important  trends  are  demonstrated:  R.  and  Rr  occur 


at  lower  temperatures  as  atomic  number  decreases,  and 


O 100  200  300  400  0 100  200  300  400 


100 

Figure  11.  The  dielectric  spectra  of  calcium  fluoride 
doped  with  thirteen  different  rare-earths, 

and  R^  decrease  in  size  and  eventually  disappear  as 
atomic  number  increases.  One  other  interesting  plot 
to  study  is  that  of  doping  concentration  dependence 
shown  in  Figure  12.  R^,  R^ , and  R^  grow  with  concen- 

tration, and  R.  and  R?  grow  to  a peak  then  decrease. 


The  numbers  in  the  lower  left  corner  of  the  diagram 
are  the  calculated  activation  enerqies  for  each  peak. 
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Figure  12.  f as  a function  of  temperature  and  con- 
centration in  erbium  doped  calcium  fluoride.  The  con- 
centration ranges  from  . 0C1%  to  3%. 

Although  the  scientific  community  still  does  not  know 
the  specific  nature  of  the  peaks,  the  author  supports 
the  following  hypothesis:  is  from  the  simple 

dipole;  R2  is  from  a relatively  simple  cluster;  and 
R^ i R^ , and  R^  are  from  larger  and  more  complex 
clusters.  At  very  low  concentrations,  almost  no 
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clusters  exist  and  there  is  only  a small  R^  peak  from 

■ 

the  small  number  of  dipoles  that  exist.  As  the  con- 
centration increases,  the  number  of  dipoles  increases 
and  some  simple  clusters  beqin  forming.  Hence,  R^  and 
R,  increase.  As  the  concentration  continues  to  in- 

t 

crease,  larqer  clusters  form,  so  R ^ , R^ , and  R,.  beqin 
to  grow.  Also,  other  rare-earths  attach  themselves  to 
the  simple  dipoles  and  clusters  of  R ^ and  R9,  so  these 
two  peaks  gradually  decrease.  At  high  concentrations, 
almost  all  the  rare-earths  are  part  of  clusters.  R^ 
and  R , are  very  small  whereas  R R^ , and  R,.  are  now 
large,  with  R being  very  large.  As  for  the  clusters 
themselves,  some  general  concepts  will  be  discussed 
here.  First,  a cluster  need  not  necessarily  be 
balanced  in  charge.  'the  crystal  as  a whole  is,  but 

one  cluster  could  have  excess  fluorines  and  another  i 

could  have  a shortage.  Secondly,  fluorine  motion  in  a 
cluster  should  only  occur  between  equivalent  sites 

I 

(sites  with  the  same  potential  energy) . In  the  bistable 
model  (Figure  3)  the  two  well  depths  are  the  same  when 
unaffected  by  an  electric  field.  If  they  were  not , the 


ions  would  migrate  to  one  site'  and  stay  there  (unless 
the  electric  field  were  strong  enough  to  overcome  the 
potential  difference,  in  which  case  transitions  will 
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occur).  Equivalence  is  generally  attained  through 
symmetry.  For  example,  consider  the  cluster  in 
Figure  13.  Because  of  the  simple  direct  fluorine 

0 


Figure  13.  A simple  cluster  consisting  of  two  rare- 
earths  and  one  interstitial  fluorine.  The  fluorine 
sites  are  potentially  equivalent  because  of  symmetry. 

motion  and  the  Coulomb  force  attracting  the  fluorine 

to  the  center,  such  a cluster  would  probably  have  a 

low  activation  energy.  It  is  also  possible  that  a 

fluorine  could  transit  between  sites  in  different 

clusters,  as  shown  in  Figure  14.  This  transition  is 

considerably  more  complicated  than  it  appears,  though, 


Figure  1 4 . 


Site  transition  between  clusters. 
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because  of  the  existence  of  calcium  ions  between  the 
clusters.  These  examples  are  only  hypothetical  and 
are  intended  to  give  a qeneral  understanding  of 
clusters  and  their  motion.  The  important  point  to 
conclude  dielectric  theory  with  is  that  there  is  an 
extremely  large  number  of  possible  clusters  and 
motions,  and  no  one  yet  knows  which  are  responsible 


for  the  observed  dielectric  spectra.  This  study 
should  provide  additional  insights. 


Ill . 


EXPERIMENT 


The  crystals  in  this  study  were  obtained  in  their 
raw  form  from  Optovac,  Inc.  They  wore  then  cut, 
ground,  and  polished,  the  final  product  being  25.4  mm 
in  diameter  and  1.5  mm  thick.  Aluminum  electrodes 
were  then  evaporated  onto  both  sides  of  each  crystal. 
Good  evaporations  were  insured  by  thoroughly  cleaning 
the  crystal  surfaces  with  freon  and  by  conducting 
several  minutes  of  ion  discharge  after  bleeding  argon 
into  the  vacuum  chamber.  Edge  effects  are  eliminated 
by  using  three  terminal  capacitance.  This  is  illust- 
rated in  Figure  15.  During  evaporation  of  one  of  the 


Figure  15.  Three  terminal  capacitance  used  to  elimi- 
nate edge  effects. 
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sides  of  the  crystal,  a thin  shadow  ring  is  centered 
on  the  crystal  and  held  in  place  by  a magnet  under  the 
crystal.  This  protects  the  area  under  it  from  the 
evaporation  and  creates  a small  gap  (not  more  than 
.01  mm  wide)  in  the  electrode  surface.  The  readings 
are  taken  from  the  inner  area  only,  for  which  there 
are  no  edge  effects. 

Temperature  control  from  5°K  to  380°I<  is  accom- 
plished in  a Cryogenics  Associates  CT-14  cryostat. 

The  system  uses  liquid  nitrogen  for  temperatures  down 
to  77°K  and  liquid  helium  for  temperatures  down  to  5°K. 
Fine  adjustments  and  higher  temperatures  are  attained 
with  a heater  delivering  up  to  16  watts.  The  tempera- 
ture is  measured  by  matching  the  resistance  of  tempera- 
ture sensitive  resistors  in  a bridge  circuit.  Because 
of  the  sizes  of  their  resistance  gradients,  Germanium 
is  used  for  very  low  temperatures  and  Platinum  for 
higher  temperatures. 

The  actual  dielectric  measurements  are  taken 
using  a General  Radio  1615  Capacitance  Bridge.  The 
bridge  measures  C and  G/u>  and  operates  at  5 audio 
frequencies:  10^,  10^*^,  10-*,  10^.5,  and  10^.  A 

detailed  explanation  of  the  bridge  circuit  and  its 
principles  of  operation  are  included  in  Appendix  3. 
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1 at  ion  is  complicated  by  the  fact  that  the  capacitor 
dimensions  chnnqo  with  temperature.  The  formula  for 
i ' at  temperature  T,  which  is  derived  in  Appendix  4, 
is  therefore 


t 1 T 

1 ’ 300 


CT  _ 

C l' 
300 


,T 


300 


(22) 


where  a is  the  isobaric  linear  thermal  expansion 
coefficient  and  the  subscripts  indicate  the  temperature 
at  which  the  value  ot  the  parameter  is  taken.  The 
values  of  a are  those  for  pure  calcium  flouri.de 
because  of  a lack  of  values  for  rare-earth-doped  samples; 
however,  qiven  the  doping  concentrations  used  and  the 
nature  of  thermal  expansion,  the  difference  should  be 
neqliqible.  The  exponent  was  evaluated  usinq 
numerical  integration.  Finally,  i"  is  calculated  from 
i " > 1 0/“'C)  , where  G „>  is  the  value  qiven 


Fquat  ion  2 1 ( 


3 3 


by  the  bridge  and  <.  ' and  C are  known  from  the  previous 
calculations . 

The  procedure  in  this  experiment  was  to  record 
the  dielectric  spectrum  as  a function  of  temperature 
at  each  of  the  5 frequencies  both  before  and  after 
radiation  in  order  to  determine  the  effects  of  the 
radiation.  Two  types  of  radiation  were  tested: 
neutron  and  gamma  rays.  The  neutron  sources  were  the 
sub-critical  reactor  and  the  14  MeV  neutron  generator 
at  the  Academy.  The  gamma  ray  source  was  a Co^  source 
at  the  Naval  Research  Laboratory  in  Washington,  D.  C. 
ColuJ  provides  1.17  MeV  and  1.3  3 MeV  gamma  rays. 
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IV.  RESULTS 
A.  Neutron  Radiation 

The  results  of  neutron  radiation  were  somewhat 
disappoint. ing  in  that  the  dielectric  spectra  were 
statistically  the  same  before  and  after  exposure.  The 
following  crystals  were  tested  using  the  neutron 
generator:  pure  calcium  Fluoride,  four  rare  earths 

| (Cerium,  Neodymium,  Praseodymium,  and  Gadolinium) , and 

two  alkali  metals  (Lithium  and  Cesium) . Holmium  was 
tested  using  the  sub-critical  reactor.  The  pure  crystal 
was  tested  as  a control  to  insure  that  any  observed 
i effects  were  the  result  of  changes  having  to  do  with 

the  dopant  rather  than  disruptions  of  the  crystal 
lattice  structure  itself.  The  alkali  metals  were  tested 
for  general  interest  and  comparative  purposes.  The 
only  effects  that  were  observed  were  in  Lithium,  but 
•j  they  were  sporadic  and  believed  to  be  caused  by  improper 

j 

loading  (poor  electrical  contact  between  the  evaporated  1 

electrodes  and  the  bridge  circuit).  Subsequent  testing 
of  an  irradiated  Lithium  doped  crystal  found  no  effects. 

The  Gadolinium  sample  was  irradiated,  but  it  shattered 
in  the  high  velocity  compressed  air  exit  tube  of  the 
neutron  generator;  hence,  dielectric  measurements  were 
not  possible. 
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B . Gamma  Radiation 

In  contrast  to  the  neutrons,  gamma-rays  produced 
dramatic  results.  For  the  sake  of  clarity,  only 
characteristic  results  will  be  given  here.  The 
remainder  of  the  results  are  given  in  Appendix  1 and 
will  be  referred  to.  Figure  16  shows  the  pre  and  post 
radiation  dielectric  spectra  of  0.1%  Holmium  doped  CaF^ 
at  1000  Hz.  The  radiation  increased  R^  and  R ^ , decreased 
R ^ and  R^ , and,  most  interestingly,  induced  a new 
relaxation  between  R2  and  R ^ at  approximately  56  °K. 

There  is  also  a small  effect  at  approximately  150  °K. 

The  crystal  was  exposed  to  the  cobalt  source  for  100 
minutes,  making  the  total  dose  1.86  x 10^  R.  Crystals 
doped  with  0.1%  Cerium,  Lutetium,  Samarium,  Terbium, 
Thulium,  Lanthanum,  and  Yttrium  were  also  exposed  to 
this  same  dose.^  Their  spectra  (shown  in  Appendix  1) 
reveal  that  low  temperature  relaxation  inducement  also 
occurred  in  Samarium,  Cerium,  Thulium,  Terbium, 

Lanthanum,  and  Yttrium..  Only  Lutetium  did  not  undergo 
a significant  change.  Because  of  the  size  and  form 
of  its  induced  peaks.  Samarium  was  chosen  for  further 
study.  This  further  study  will  include  data  on  the 
effects  of  doping  concentration , radiation  dose,  and 
time.  Figure  17  gives  the  pre  and  post  radiation 
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spectra  for  three  doping  concentrations  of  Samarium 
(.01,  .1,  1%).  The  .1%  sample  has  a 16  and  a 94  °K 
peak  induced  in  it.  The  .01%  sample  has  only  the  16 °K 
peak  induced,  and  the  1.0%  sample  has  only  the  94  °K 
peak  induced.  Irradiation  also  significantly  changed 
the  existinq  peaks.  R ^ increased  in  the  1%  and  .1% 
samples  and  either  shifted  30  °K  lower  in  temperature 
and  increased  or  was  eliminated  in  the  .01%  sample. 
These  results,  along  with  some  obtained  for  Erbium,  are 
given  in  tabular  form  in  Table  2.  R,  increased  in  the 
1%  sample  and  decreased  in  the  .1%  sample. 


Dopant:  concen 


tration ^1 


-100%  or  shift 


+ 20% 


1.0% 


+ 100% 


+ 2.1% 


+ 2.6% 


+11.3% 


+11.6% 


Table  2.  Percent  change  in  R^  as  a function  of  con- 
centration . 

Dose  effects  were  studied  by  irradiating  .1% 

Samarium  samples  for  three  different  time  lenqths: 

1,  2,  and  4 hours  (1.06  x 106,  2.12  x 106,  and  4.24  x 106 
Roentgens,  respectively) . The  percentage  increase  or 
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decrease  in  the  peak  heights  for  R^  and  (the  only 
two  pre-existinq  peaks)  is  given  in  Table  3. 


Radiation  Time 

Dose 

R1  ! 

R4 

1 hour 

1.06  x 106  R 

| 

+12.4% 

| -18% 

2 hours 

2.12  x 106  R 

+ 20% 

-18.3% 

4 hours 

4.24  x 10f>  R 

+ 23% 

-22% 

Table  3.  Percent  change  in  and  R^  as  a function 
of  radiation  dose  for  .1?.  Sm:  CaF^ . 

The  initial  height  of  the  radiation  induced  peak  at 
94  "K  also  varied  with  dosage,  as  shown  in  Table  4. 
This  table  lists  the  peak  height  bridge  readings  (G/io) 


function  of  dose. 

Radiation  Time 

Initial  Induced  Peak  Height 

1 hour 

699 

2 hours 

74  8 

4 hours 

9 14 

Table  4.  Induced  peak  height  as  a function  of  radiation 
dose  in  .1?,  Sm:  CaF^  . 

»"  is  proportional  to  G/w  by  a factor  of  r ' /C  (Equation 


21),  which,  at  a qiven  temperature,  is  a constant. 
Therefore,  the  differences  between  the  peak  heights 
in  the  table  are  proportionally  the  same  as  those  for 


the  actual  values  of  ■ M.  As  both  these  tables  demon- 
strate, the  changes  do  increase  as  dose  increases, 
but  at  a diminishing  rate.  These  values  are  thus 
indicative  of  an  exponential  function. 

The  stability  of  these  chanqes  (time  effects) 
was  carefully  studied  in  a .1?.  Samarium  doped  crystal 
which  had  been  irradiated  for  4 hours.  Table  5 lists 
the  bridge  readings  (C./ <*>)  for  each  peak  height  at 
approximate  times  after  the  initial  measurement. 


Time 

| 

R2 

16.5  ° K 

94  °K 

pre-radiation 

3234 

790 

0 

37 

initial 

3681 

934 

8 hours 

3837 

617 

400 

1113 

18  hours 

3912 

616 

372 

1018 

22  hours 

3950 

615 

361 

955 

45  hours 

3974 

324 

912 

Table  5.  Time  dependence  of  radiation  effects 
in  .1%  Sm:  CaF^  f°ll°wi-ncf  a dose  of  4.24  x 10^  R. 

Continuing  measurements  are  showing  that  R^  remains 
constant  within  statistical  fluctuations  around  3960, 
and  the  two  radiation  induced  peaks  are  continuing 
to  decay  exponentially.  Further  data  on  R^  is  not 
yet  available,  but  it  appears  to  have  reached  its 


percent  change  in  R.  and  the  absolute  height  of  the 


induced  peak  as  a function  of  time  are  shown  in 


Figure  IB.  Percent  change  in  R 


K induced  peak  height  vs 


Figure  19.  94 
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V.  DISCUSSION  OF  RESULTS 


A.  Neutrons 


The  lack  of  any  effects  from  neutron  radiation 
can  be  easily  explained  by  some  simple  calculations. 
Take,  for  example,  a If.  doped  crystal,  meaning  that 
1 out  of  every  100  calciums  is  replaced  by  a rare- 
earth.  The  density  of  CaF^  molecules  is  given  by  the 
formu la : 

....  .molecules.  1 .moles.  . gm  . Nop  .molecules , o "n 
N V mole  MW  “ gm  P (^J)  " MW  ( ~ ~r~  > * ( > 

Plugging  in  6.02  x 10^~*  for  N(),  78.08  for  the  molecu- 

22 

lar  weight,  and  3.18  for  the  density  gives  2.45  x 10 
molecules  per  cm\  Since  there  is  one  calcium  per 
molecule  and  one  rare-earth  per  100  calciums,  the 

20 

density  of  rare-earths  is  approximately  2.45  x 10 

atoms  per  cm"* . The  rate  with  which  neutrons  interact 

with  the  rare-earths  is  given  by 

K N ( . ) a ( 10  cm  )<J>(  )=Nol|>( ^ )(24) 

cniJ  cm^-s  cmJ-s 

where  i'  is  the  microscopic  neutron  cross  section  and 

4*  is  the  neutron  flux.  Even  taking  the  highest 

. - 24  2 

possible  cross  section--49 , 000  x 10  cm  for 

Gadolinium  at  thermal  energies--it  becomes  obvious 

that  R is  extremely  low.  Plugging  in  N and  o yields 

R(Gd)  = 124*  • (25) 


The  highest  possible  thermal  flux  that  could  be  arranged 
from  either  the  sub-critical  reactor  or  the  neutron 
generator  is  well  below  1 0 0 ; but  even  using  this  value, 
the  interaction  rate  would  be  1.2  x 1 0 ^ interactions 
per  cm^  per  second,  or  4.3  x 10*^  interactions  per  cm'* 
per  hour.  Dividing  this  by  the  rare-earth  ion  density 
shows  that  exposure  for  one  hour  would  result  in  an 
interaction  with  less  than  one  fifty-millionth  ot  one 
percent  of  the  rare-earths.  Higher  energy  neutrons 
give  higher  fluxes,  but  the  cross  sections  are  much 
smaller  at  these  energies. 

B.  Gamma  Rays 

The  most  important  information  revealed  by  this 
study  is  that  highly  concentrated  energy  in  the  form 
of  gamma  rays  significantly  affects  the  dielectric 
properties  of  the  materials  studied.  No  changes  were 
found  in  a pure  calcium  fluoride  crystal  which  was 
irradiated  by  gamma  rays  (in  addition  to  the  one 
irradiated  with  neutrons);  therefore,  the  effects  are 
related  to  the  rare-earth  dopant.  This  result  supports 
the  cluster  hypothesis  in  that  such  concentrated  energy 
could  easily  change  the  nature  and  organization  of 
clusters  within  the  material.  Take,  for  example,  the 


guadropole  shown  in  Figure  20. 


Such  a charge 


Figure  20.  Two  rare-earths  and  two  interstitial 
fluorines  together,  forming  a quadropole. 

configuration  could  not  polarize  in  the  sense  that  a 

dipole  does,  because  there  are  no  open  equivalent 

sites.  If,  however,  a gamma  ray  interacted  with  one 

of  the  fluorines  in  such  a way  as  to  make  it  leave 

the  configuration,  there  would  be  an  open  equivalent 

site.  This  is  exactly  the  cluster  that  is  shown  in 

Figure  13.  As  previously  indicated,  such  a cluster 

should  have  a low  activation  energy,  causing  it  to  peak 

at  a low  temperature.  It  could,  therefore,  be  one  of 

the  radiation  induced  peaks,  or  perhaps  the  R2  peak 

(which  radiation  generally  tended  to  increase) . 

Indeed,  it  is  possible  that  the  94°K  induced  peak  in 

Samarium  is  an  R2  peak.  Current  nuclear  magnetic 

resonance  studies  have  in  fact  confirmed  the  existence 
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of  this  charge  configuration  in  rare-earth  doped 

n 

calcium  fluoride  (Ytterbium  and  Erbium). 

The  final  point  of  discussion  involves  the 
stability  of  the  induced  effects.  Changes  in  the 
pre-existing  peaks  are  stable,  whereas  peaks  that 
were  completely  induced  slowly  decay  back  to  zero. 

Measurements  taken  on  an  Erbium  sample  irradiated  a 
year  prior  to  the  beginning  of  this  study  showed  that 
the  induced  low  temperature  peak  had  disappeared. 

What  this  indicates  is  that  some  clusters  are  stable 
and  some  are  not.  Those  that  are  stable  exist 
naturally,  and  those  that  are  unstable  can  only  be 
induced  by  some  means  such  as  radiation.  Take  the 
. 1%  Samarium  sample  that  was  exposed  for  four  hours 
as  an  example.  The  following  scenario  is  a possible 
explanation  of  what  happened  during  and  after 

! 

radiation.  The  gamma  rays  broke  up  some  of  the  R^ 
clusters,  causing  this  peak  to  immediately  decrease 

j 

to  its  steady  state  value.  They  also  broke  up  some  < 

complex  clusters  which  either  didn't  have  peaks  or  had 
them  outside  the  temperature  range  of  this  study. 

These  are  all  very  stable.  The  "loose"  ions  freed  by 
this  process  gradually  form  into  dipoles  or  simple 
clusters.  This  increases  (the  dipoles)  and  creates 
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now  peaks  (from  clusters  which  had  not  previously 
existed) . At  the  moment  the  crystal  is  removed 
from  the  radiation,  the  ions  are  still  forming  new 
dipoles  and  clusters,  so  these  peaks  continue  to 
increase  temporarily.  However,  the  induced  clusters 
themselves  are  not  stable,  or  at  least  not  as  stable 
as  other  possible  configurations,  so  they  slowly  form 
into  very  stable'  clusters  which,  again,  either  do  not 
produce  peaks  or  produce  them  outside  the  temperature 
range.  These  could  very  well  be  the  same  clusters 
that  existed  before  irradiation.  Thus,  , which  is 
caused  by  stable  dipoles,  remains  at  its  increased 
value;  remains  at  its  decreased  value;  and  the 
induced  peaks  decay  back  to  zero.  The  stability  of  a 
particular  cluster  depends  on  the  rare-earth,  as  is 
evidenced  by  the  fact  that  the  heavier  rare-carths  do 
not  have  naturally  occurring  low  temperature  peaks 
(see  Figure  11) . 

C . Applications 

Althouqh  the  primary  importance  of  this  study  is  the 
addition  of  important  information  on  a subiect  that  is 
not  yet  well  understood  by  the  scientific  community,  it 
may  have  more  direct  application  in  radiation  dosimetry 
If  a particular  effect  can  be  calibrated  as  a ^unction  of 
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radiation  dose,  then  use  of  a dielectric  crystal  as 
a dosimeter  is  possible.  The  particular  effect  could 
be  moved  to  room  temperature  by  adiustinq  the  fre- 
quency, since  an  increase  in  frequency  increases  the  tem- 
perature at  which  a peak  will  occur.  Low  dosaqe  studies 
will  have  to  be  done  to  investigate  this  possibility 
though,  because  the  doses  used  in  this  study  would 
result  in  certain  death. 
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VI.  SUMMARY  AND  CONCLUSION 

1.  Effects  of  Co<>0  gamma-rays  on  rare-earth  doped 
Cal'2  depend  strongly  on  the  dopant  concentration. 

2.  Effects  on  0.1%  samples  depend  on  the  particular 
dopant,  but  in  general  they  are  typified  by  the 
effects  on  holmium  which  are: 

A.  Increase  R^ 

B.  Increase  R2 

C.  Decrease  R^ 

D.  Decrease  R^ 

E.  Create  a relaxation  between  R2  and  R^ . 

3.  Radiation  effects  increase  as  dose  increases,  but 
they  do  so  at  a diminishing  rate. 

4.  Changes  in  existing  peaks  are  stable,  whereas 
new  peaks  generally  decay  very  slowly  to  zero. 

5.  These  results  are  entirely  consistent  with  the 
cluster  hypothesis  explained  in  this  paper. 
Specifically,  R^  comes  from  dipoles,  R2  from 
simple  clusters,  and  R^ , R^  and  R^  from  more 
complex  clusters. 
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FOOTNOTES 


1.  John  Fontanella  and  Carl  Andeen , Journal  of 
Physics  C:  Solid  State  Physics,  1055  (1976). 

2.  J.  P.  Scott  and  J.  H.  Crawford,  Jr.,  Physical 
Review  Letters  26,  384  (1971);  Physical  Review 
B 4,  668  (1971) . 

3.  A.  D.  Franklin,  J.  M.  Crissman,  and  K.  F.  Young, 
Journal  of  Physics  C:  Solid  State  Physics  8, 

1244  (1975). 

4.  C.  Andeen,  D.  Link,  and  J.  Fontanella,  Physical 
Review  B L_6 , 3762  ( 1977). 

5.  C.  Andeen,  D.  Link,  and  J.  Fontanella,  op.cit., 
3764  . 

t).  Yttrium  is  not  a rare-earth  element.  However,  it 
is  trivalent  and  has  a comparable  ionic  radius,  so 
it  was  tested  for  comparative  purposes. 

7.  R.  J.  Booth,  D.  R.  McGarvey , and  M.  R.  Mustafa 
(to  be  published) , Physical  Review. 


50 


REFERENCES 


1.  Daniel,  Vera  V.  Dielectric  Relaxation.  New  York: 
Academic  Press,  1967. 

2.  Kittel,  Charles.  Introduction  to  Solid  State 
Physics . New  York:  John  Wiley  and  Sons,  1971. 

3.  A.  D.  Franklin,  J.  M.  Crissman,  and  K.  F.  Young, 
Journal  of  Physics  C:  Solid  State  Physics  8, 

1244  (1975). 

4.  C.  Andeen,  D.  Link,  and  J.  Fontanella,  Physical 
Review  B 16,  3762  (1977). 

5.  C.  Andeen,  D.  Link,  and  J.  Fontanella,  op.cit., 
3764. 

6.  R.  J.  Booth,  D.  R.  McGarvey,  and  M.  R.  Mustafa 
(to  be  published) , Physical  Review. 


II 

(I 

APPENDIX  I 

il  PRE  AND  POST  RADIATION  SPECTRA 

Here  the  plots  of  the  results  of  those  dopants 
which  were  not  included  in  the  text  are  given.  They 
are:  Cerium,  Lutetium,  Terbium,  Thulium,  Lanthanum, 

and  Yttrium.  All  samples  are  0.1%  and  measured  at 

r 

l-  1000  Hz. 

L 

r. 

[ 

i 

t 

[ 

L 

t 

l 

l 


I 

I 

I 


nthanum 


I".1  J 1 


| M ; 


58 


APPENDIX  II 

ELECTRIC  ANALOGY:  DERIVATION  OF  THE  DEBYE  EQUATIONS 
The  electrical  properties  of  a dielectric  can  be 
represented  by  the  electrical  circuit  shown  below. 


A 


c, 


r3 

■w- 


where  C2  and  R2  vary  with  temperature: 

C = c — 

r = r JL  EAT 
R2  K0  T0  6 

The  time  constant  of  the  lower  branch  is  therefore 

r = R C = r r oE/kT  - t eE/kT 
R2C2  C0R0e  0 


The  branch  impedances  are  given  by 
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1 10C. 
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2 wC . 
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^ 2 2 u)  C 2 


j(llCl  ^R2  + (JcT^ 


v,p  = 


R.,  + -±~ 
2 ojC0 


R _ _ JL 

2 wC., 

fi-7Tl 

2 o)C2 


Ym  = 


R2  " JcJ  3“C1  (R22  + 

r22  + ~fi 

UI  C 


Y » Rf>2C22  “ >C2  - jg»3C1C22R22  - 

T ,22  2 

1 + R2  oi  C2 


yt  - 


2 3 2 

w <22'1  “ 3t0 C2  " Jw  C^T  “ j^C, 

— — - - 2 
1 + (x)  T 


-jw  (Cj  + C2  + Cjw2!2)  + C2u)2i 

YT  = , A 2 2 

1 + w i 


Separate  out  the  imaginary  component. 


Y,  = - jiuC  = 


(C1  + C2  + Ci-2!2) 


. 2 2 

1 + (i)  T 


c = 


CL  (1  + U)2T2) 


C, 


( 1 + CD2!  2)  1 + ui2!2 


c = cx  + 


C T 
0 0 


T (1  + a.2r2) 


(26-a) 


2(>-a  and  b are  of  precisely  the  same  form  as  19-a  and  b 
(the  Debye  equations).  The  relaxation  time  also  has  the 
same  form.  Use  of  this  circuit  analogy  is  the  basis  for 
the  operation  of  the  capacitance  bridge,  described  in 
Appendix  III. 
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THE  CAPACITANCE  BRIDGE 


■'aray&aj 
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The  capacitance  bridge  works  on  the  principle  that 


ire  known  constants 


V0  and  R are  known  variables.  For  the 


measurement 


V,  is  adjusted  until  i = i,  at  which  point  no  current 
flows  through  the  detector.  When  balanced  in  this 
manner , 


1 

v2  i7ck  cs 


For  the  conductance  measurement, 


V 


1 


i R 


s 


s 


V2  = iR 


When  balanced  (is  = i), 


R 


s 


V1 


R 


G is  simply  the  reciprocal  of  Rs . 
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APPENDIX  IV 

THERMAL  EXPANSION  CORRECTION 

Let  A designate  the  area  of  a capacitor  plate  and 
x the  capacitor  width  or  any  length  parameter. 


U I ilJPR 
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dc  _ dA  de  ’ dx 
C A T1  x 
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The  x term  is  negative  since  an  expansion  of  the  thick- 
ness decreases  the  capacitance.  Since  area  is  propor- 
tional to  length  squared,  the  fractional  change  in  area 
from  thermal  expansion  is  twice  the  fractional  change  in 
length.  Using  x as  a general  length  variable, 

. 2 
A = x 


c T , (T  1 dx 
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T^  for  this  study  was  300"K. 
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